A numerical classification was performed on a collection of 45 Thermus isolates recovered from New Zealand hot pools and on six type strains including T. aquaticus and 'T. thermophilus'. Unweighted average linking (UPGMA) and single linkage clustering methods were applied to similarity matrices derived from simple matching (S,,,,,) and Jaccard similarity (S,) coefficients. Differences were observed between phenograms derived from S,, and S, coefficients, indicating that some of the clusters formed were derived from a significant component of negative matches. Test error was estimated at 2.9%. In the UPGMA/SsM phenogram, seven clusters were formed. A majority of the New Zealand isolates did not cluster with non-New Zealand isolates. Analysis of variance showed that there was a relationship between the composition of the clusters and the temperature and pH of the source of the isolate. Chi-squared testing showed that, within New Zealand, the geographical source of the isolate had no bearing on the clusters formed.
I N T R O D U C T I O N
Members of the genus Thermus are described by Brock (1974) as Gram-negative heterotrophic rods and filaments capable of growing at an optimum pH of 7-5-74 and at an optimum temperature of 70-72 "C. To date, only two species have been validly named, T. aquaticus (Brock & Freeze, 1969) and T. ruber (Loginova & Egorova, 1975; Loginova et al., 1984) . The inclusion of the latter expanded the genus description and now enables the K-2 isolate of Ramaley et al. (1975) to be considered as a member of the genus. Other species which have been described, but not validly named, include 'T. thermophilus ' (Oshima & Imahori, 1974) and 'T.Jlavus' (Saiki et al., 1972) . Non-pigmented isolates have also been described (Pask-Hughes & Williams, 1975) , including Ramaley's strain XI (Ramaley & Hixson, 1970) . One isolate has been named in association with an enzymological study as 'T. caldophilus' (Taguchi et al., 1982) and other strains have been deposited in culture collections as 'T. rubens' (ATCC 31556) and 'T. lacteus' (ATCC 31557), which are patent strains. Strains ATCC 27737 and NCIB 11245, 11246 and 11247, which are all described as being Thermus species, have not been assigned names.
Thermus spp. are widely distributed in natural, thermally heated waters in the USA (Brock & Freeze, 1969) , Iceland (Pask-Hughes & Williams, 1977; Cometta et al., 19826; Kristjansson & Alfredsson, 1983) , Japan (Saiki et al., 1972) , the USSR (Egorova & Loginova, 1974) and New Zealand (Patel, 1984) . They also occur in man-made hot-water environments, for example hot tap-water (Pask-Hughes & Williams, 1979, laundry and domestic hot-water tanks (Brock & Boylen, 1973) , nuclear power plant cooling systems and water discharged from steel mills (Stramer & Starzyk, 1981) . Stramer & Starzyk (1981) also reported a low background count in river and lake water where there were no overt thermal additions.
Degryse et al. (1978) performed a number of biochemical and physiological tests on eight Thermus isolates and concluded that there were no major differences between ' T. thermophilus', T. aquaticus and the other strains tested, which had been isolated from a thermally polluted river in Belgium. They recommended that all the isolates be considered as essentially the same.
However, Cometta et al. (1982 b) demonstrated considerable variation among 35 Icelandic
Degradation qf organic compounds. Casein hydrolysis was determined by supplementing C M D agar with 0.1 % (wlv) skim milk (Difco) and 0.5% (w/v) Hammerstein casein (BDH). Two organisms were streaked onto each plate so that confluent areas of growth approximately 2.5 cm x 2.5 cm were obtained, and plates were examined after 24 h for the production of a white precipitate around the margin of growth.
An agar overlay technique was used to test fot the degradation of other proteinaceous materials. Approximately 20 ml per plate of CMD agar was poured and allowed to set. An overlay was then poured which contained one of the following: elastin 0.3?g (w/v), hide powder azure 0.2% (w/v) or fibrin 0.2% (wlv), all obtained from Sigma. Two organisms were streaked per plate, as abo\e. Plates were incubated for up to 3 d. and examined daily for the presence of clear zones around the margin of growth.
Tween 80 hydrolysis was tested according to the method of Degryse et al. (1978) . Tolerance tests. Minimum inhibitory concentrations (MICs) of antibiotics (Table 3 ) were determined using a microtitre plate technique. Double-strength CMD broth (0.1 ml) was added to each well followed by 0.1 ml of the appropriate antibiotic solution, which had been filter sterilized as previously described. Inoculation, plate sealing and examination were as for carbon source testing except that incubation was for 24 h. All antibiotics were obtained from Sigma.
Growth in the presence of 2% (w/v) NaCl or 2.5% (w/v) trypticase peptone (BBL) was determined by increasing the appropriate component of C M D to the required concentration. Tubes were examined daily up to 3 d for growth . Biochemical tests. DNAase was tested for by the method of Jeffries et al. (1957) . After 48 h incubation, cell growth was washed from the plates, which were then flooded with 0.1 M-HCl. A zone of clearing around or underneath the area of growth was scored as a positive result.
The following substrates were used for the detection of enzyme activity : p-nitrophenyl a-D-glucopyranoside, pnitrophenyl P-D-glucopyranoside, p-nitrophenyl laurate and p-nitrophenyl palmitate (all from Sigma). The assay (Cooper, 1982) comprised 0.8 ml 0.01 M-Tris/HCl buffer, pH 7-5, and 0-1 ml 8 mM-p-nitrophenyl substrate dissolved in 2-ethoxyethanol. Tubes were allowed to equilibrate for 5 min and 0-1 ml of sample, either whole cell suspension or cell-free supernatant, was added and incubated at 70 "C. Tubes were scored for the production of a yellow colouration.
P-Galactosidase was assayed as described by Modified triple sugar iron agar comprised (g I-'): yeast extract 0.5, trypticase peptone 0.5, glucose 0.1, lactose 0.5, sucrose 0.5, ferrous sulphate 0.2, sodium chloride 0.008, sodium thiosulphate 0.3, and phenol red 0.024. Trace elements were added as in CMD medium and the pH adjusted to 7.7 before autoclaving. Inoculated slopes were examined after 24 h for any of the reactions described in Gerhardt et al. (1981) .
Reduction tests. Methylene blue reduction was tested for by adding one drop of I "/, (w/v) methylene blue to 24 h broth cultures, vortex mixing and incubating for a further 1 h. Tubes showing a complete or partial decolourization were scored positive. Viability. Broth cultures were incubated for 14 d at 70 "C and then 0.1 ml transferred to a fresh C M D tube which was incubated for a further 24 h and examined for growth.
CMD plates were inoculated and incubated for 24 h, then stored at 25 "C for 28 d in the dark. Subcultures were then made to fresh CMD plates and incubated for 24 h. Plates were scored positive for confluent growth of i noc ulum .
CulturepH. CMD broth tubes were inoculated and incubated. The pH of the cell suspension was recorded after the tubes had equilibrated to room temperature.
Calculation sf test error. At the commencement of the study, 14 cultures were prepared in duplicate and each subculture treated as a separate isolate throughout the test procedures. Error was estimated from these replicates by the method of Sneath & Johnson (1972) . which computes the probability of obtaining an erroneous result from the proportion of mismatches found between the replicate strains.
Analysis of results. The 65 unit characters used were scored as one of two mutually exclusive states, plus ( + ) or minus (-) ; missing values were encoded so that they were omitted by the computer program. Data were analysed using the cluster analysis facilities of the GENSTAT program (Numerical Algorithms Group, Rothamsted Experimental Station, Harpenden, UK). Similarity matrices were calculated with the simple matching (Ss,,; Sokal & Michener, 1958) and Jaccard ( S J ; Sneath. 1957) coefficients and clustering was by both single and group pair average (UPGMA) methods, and expressed in the form of phenograms or minimum spanning trees. The facilities of GENSTAT were also used for analysis of variance.
R E S U L T S
E-xperimental error. Error was estimated at 2.9%, which is well within the acceptable range suggested by Sneath & Johnson (1972) .
Clustering of' the isolates. From the S,,%,/UPGMA analysis, seven clusters which each contained more than two different isolates were formed at or above the 73 % similarity level (Fig.   1 ). These have been labelled A to G. In addition there were four two-member clusters and four single-member clusters. The S,/UPGMA phenogram showed some differences from Fig. 1 (data not shown). These differences indicate that some of the clusters shown in Fig. 1 may reflect a significant component of negative matches. Irrespective of the similarity coefficient used, clusters D and E remained almost identical. In the SJ analysis, one member of cluster A moved to cluster B; cluster C split into a two-member cluster and a single-member cluster; cluster F split into two The isolates are arranged in the order of the clusters shown in Fig. 1 , with their source temperature and pH where known. single-member clusters and a cluster of a replicate pair; and cluster G lost two members which formed a separate two-member cluster.
Single linkage analyses were represented as minimum spanning trees (data not shown) and showed groupings of organisms similar to those obtained by UPGMA analysis. In both cluster Beach Springs; WKV-, Waikite Valley; Ket-, Ketatahi. Non-New Zealand location: Fiji-, Savu Savu beach. Isolate nomenclature: the general format used represents the thermal region from which the isolate originated and the pool number in that region followed by, if appropriate, 'A' (aerobe) and a serial number for the isolate (e.g. Wai33 A2 is the second aerobic isolate from pool 33 at Waimangu). T. aquaticus clustered with a minor cluster in the S,, analysis but not with any in the SJ analysis, whereas ' T . thermophilus' did not cluster with any group when either method was employed. Only cluster F contained isolates which were not from New Zealand sources, other non-New Zealand isolates were restricted to single-or two-member clusters. It would seem, therefore, that the bulk of the New Zealand isolates are different from strains from other parts of the world.
Numerical classiJication of Thermus
The four strains lacking a yellow or orange pigment, HWBS A l , HWBS A2, 'Ramaley XI' and NCIB 11245, did not cluster together, indicating that lack of pigment is not a good character for identification.
In an attempt to discern some pattern to the clusters, a chi-squared test was done to compare the distribution of the New Zealand geographical isolate sites within the clusters, with that which could be expected by random distribution; there were no major deviations from the random distribution. Therefore, the composition of clusters could not be related to the geographical source of the isolate within New Zealand.
An analysis of variance was done, using the appropriate facility of the GENSTAT program, on the two known environmental parameters of isolate sources. The pH and temperature values for members of each cluster were compared with the values from each other cluster using a single-factor analysis of variance. The distribution of pH and temperature between the clusters was shown to be such that the null hypotheses of each cluster having equal pH means and equal temperature means could be rejected (Table 2) . Therefore, the members of each cluster tended to be derived from pools with similar pH and temperature values, This was not a rigid rule, as isolates from the same pool could be found to cluster separately, for example Wai33 A2 and Wai33 A3, which were isolated from the same sample, clustered in group D and a two-member cluster respec ti vel y .
Characterization ojthe isolates. The distribution of positive characters among clusters with the S,,/UPGMA analysis is presented in Table 3 , and a list of tests useful for the identification of J . A . H U D S O N , H . W . M O R G A N A N D R . M . D A N I Table 4 . In general, the colony characteristics could not be used diagnostically, and neither could growth at extremes of pH. Cluster F had no member able to grow at 45 "C. Different clusters showed different carbon source utilization patterns. Members of clusters A, B and E were able to use a wide range of carbon compounds; members of clusters C, D, F and G were less versatile, showing low percentage positives for the few carbon compounds that they were able to use. Members of clusters C and D were generally poorly proteolytic. There appeared to be no pattern to Tween 80 degradation.
Members of clusters C, F and G were sensitive to chloramphenicol, while those of clusters F and G were sensitive to phosphomycin, and those of cluster G were also sensitive to kanamycin.
No member of clusters B or G was able to grow in the presence of 2.5 % (w/v) trypticase peptone.
Members of clusters A, B and C showed high percentage positives for p-nitrophenyl palmitate degradation, while most of the isolates tested could degrade p-nitrophenyl laurate. pGalactosidase was produced by most organisms, while very few were able to produce agalactosidase; cluster B showed the highest percentage positives able to produce the latter.
No member of cluster D was able to reduce tellurite, and no member of cluster F was able to reduce methylene blue. Nitrate was not reduced by any member of cluster G .
Many other tests such as arbutin and aesculin degradation, triple sugar iron reactions and culture viability did not produce diagnostically useful results.
D I S C U S S I O N
In a numerical classification of Icelandic Thermus isolates, Cometta et al. (19826) were not able to show any correlation between the sources of their isolates and the clusters formed. The data presented here agree with this aspect of their findings, at least with regard to the New Zealand isolates. The fact that the bulk of New Zealand isolates did not cluster with isolates from other countries may indicate that geographical variation is important between distant regions. In support of this conclusion the phenogram produced by Cometta et al. (19826) showed two Japanese isolates, 'T.Javus' and ' T . thermophilus', in a distinct cluster from their Icelandic isolates.
The data presented here indicate that the phenotype present at any one location may be determined by the environmental conditions prevailing; the clusters formed were related to the temperature and pH of the sources of the isolates in those clusters. The effect on the distribution of phenotypes by pH was not considered by Cometta et al. (1 9826) ; the phenotype expressed was attributed by them primarily to the temperature of the organism's environment. There may be a number of other factors which also play a part in determining which phenotypes are present (for example, the presence of sulphide or toxic metals), knowledge of which could further explain the clusters produced by both this classification and that of Cometta et al. (19826) . The methods used for isolation also determine the phenotype which is found, although in this study direct streaking of pool water onto CMD agar plates was the method used whenever possible so that the most common phenotype was isolated, and not necessarily the fastest growing, which may be the case with liquid enrichment. Our results confirmed that there is phenotypic variability, but they do not confirm or refute the hypothesis of genetic instability. An alternative to the suggestion of genetic instability is that any one pool, or thermal environment of the correct type (neutral or alkaline pH), contains a population of Thermus phenotypes, any one of which is numerically dominant (and hence the most likely to be isolated). Conditions in hot pools vary within any one pool, both with time (Pate1 et al., 1985) and with distance (e.g. the water cools in runoff channels), and they also vary between pools. It may be, therefore, that the dominant phenotype at a particular time and location is determined by the conditions prevailing at that site by selection of a strain, from a population of strains, which is best suited to growth under those conditions.
A study of the population ecology of SulJblobus acidocaldarius (Mosser et al., 1974; Bohlool & Brock, 1974) showed that a mixture of strains occurred in the hot pools studied, indicating heterogeneity amongst the isolates. Heterogeneity was shown by optimum temperature, immunofluorescence and immunodiffusion studies of hot spring populations, so in at least one other group of thermophilic micro-organisms the same heterogeneity of isolates as our results indicate has been found.
With regard to the taxonomy of these bacteria, like the study of Cometta et al. (19826) our results show considerable variety within the isolates studied. The validly named species, T. aquaticus, does not show a close taxonomic relationship to the New Zealand isolates or to ' T . thermophilus', which was isolated in Japan. If the major clusters formed represent different species, then the genus is clearly comprised of many species. However, the data are still far from complete because of the apparent influence of geography on the phenotype isolated, and it may be that different thermal areas will be shown to have regionally specific clusters and perhaps other clusters which overlap with those from other thermal areas. Therefore, any revision of the taxonomy would require that more isolates, from a comprehensive range of world-wide sources, be examined.
Further work is underway to compare New Zealand Thermus isolates to those from other thermal areas of the world, and also to see if phenotype changes with time in New Zealand hot springs.
